Multipotent mesenchymal stromal cells (MSCs) have potential therapeutic benefit for the treatment of neurological diseases and injury. MSCs interact with and alter brain parenchymal cells by direct cell-cell communication and/or by indirect secretion of factors and thereby promote functional recovery. In this study, we found that MSC treatment of rats subjected to middle cerebral artery occlusion (MCAo) significantly increased microRNA 133b (miR-133b) level in the ipsilateral hemisphere. In vitro, miR-133b levels in MSCs and in their exosomes increased after MSCs were exposed to ipsilateral ischemic tissue extracts from rats subjected to MCAo. miR-133b levels were also increased in primary cultured neurons and astrocytes treated with the exosome-enriched fractions released from these MSCs. Knockdown of miR-133b in MSCs confirmed that the increased miR-133b level in astrocytes is attributed to their transfer from MSCs. Further verification of this exosome-mediated intercellular communication was performed using a cel-miR-67 luciferase reporter system and an MSC-astrocyte coculture model. Cel-miR-67 in MSCs was transferred to astrocytes via exosomes between 50 and 100 nm in diameter. Our data suggest that the cel-miR-67 released from MSCs was primarily contained in exosomes. A gap junction intercellular communication inhibitor arrested the exosomal microRNA communication by inhibiting exosome release. Cultured neurons treated with exosome-enriched fractions from MSCs exposed to 72 hours post-MCAo brain extracts significantly increased the neurite branch number and total neurite length. This study provides the first demonstration that MSCs communicate with brain parenchymal cells and may regulate neurite outgrowth by transfer of miR-133b to neural cells via exosomes.
Introduction
Exosomes are membrane vesicles sized 40-100 nm in diameter and are secreted by a wide range of cell types [1] [2] [3] [4] . These exosomes contain RNA molecules including messenger RNA (mRNA) and microRNA (miRNA), which can be transferred between cells and thus affect the protein production of recipient cells [5] [6] [7] . Increasing evidence indicates that exosomes play an important role in cell-to-cell communication [8] [9] [10] [11] .
miRNAs are evolutionarily conserved, 18-25 nucleotide, nonprotein coding transcripts that post-transcriptionally control gene expression via mRNA degradation or translational repression, or both. In eukaryotic cells, miRNAs constitute a major regulatory gene family [12] [13] [14] [15] . They play significant roles in many regulatory mechanisms such as developmental timing and host-pathogen interactions as well as cell differentiation, proliferation, apoptosis, and tumorigenesis in various organisms [16, 17] . Studies in zebrafish and rodents demonstrate that microRNA 133b (miR-133b) is expressed in midbrain dopaminergic neurons and regulates the production of tyrosine hydroxylase and the dopamine transporter [18] [19] [20] in patients with Parkinson's disease [20] . Furthermore, in a study of miR-133b and functional recovery after spinal cord injury in adult zebrafish, Yu et al. used morpholino antisense oligonucleotides to inhibit the expression of miR-133b and found that locomotor recovery was significantly impaired and regeneration of axons from neurons reduced by the decrease in miR-133b expression [21] . MiR-133b promotes functional recovery in Parkinson's disease and spinal cord injury; however, its ability to do so after cerebral ischemia has not been tested.
Multipotent mesenchymal stromal cells (MSCs), isolated from various adult tissue sources, have potential therapeutic benefit in many diseases including neurological diseases and injury [22] [23] [24] [25] [26] [27] [28] . However, it is unknown how MSCs, as a model of cell-based therapy, interact with brain parenchymal cells, alter the parenchymal cells, and thereby promote functional recovery. We hypothesized that MSCs communicate with parenchymal cells via miRNA. The miRNA transfer between MSCs and parenchymal cells is mediated by exosomes, and the miRNA transfer by exosomes may contribute to the improvement of neurological function after stroke via specific gene expression regulated by miRNA. In this study, we focused on miR-133b and measured the miR-133b level in the ipsilateral hemisphere after middle cerebral artery occlusion (MCAo) and MSC treatment. In vitro, we investigated whether the miR-133b expression in MSCs and in MSC-generated exosomes is modified by ischemic conditions, and whether the miR-133b is transferred to parenchymal cells via MSC generated exosomes. Since neurons are the essential cells for the functional recovery after stroke and astrocytes are the most abundant cells and the major endogenous repair mediator in the central nervous system (CNS), in this study, we used primary cultures of neurons and astrocytes as the representative parenchymal cells.
Materials and Methods
All experimental procedures were performed in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Henry Ford Hospital.
MCAo Model
Adult male Wistar rats (weighing 270-300 g) purchased from Charles River Laboratories International, Inc. (Wilmington, MA) were subjected to right MCAo using a method of intraluminal vascular occlusion as modified in our laboratory [29] . Briefly, rats were initially anesthetized with 3.5% isoflurane and maintained with 1.0%-2.0% isoflurane in 70% N 2 O and 30% O 2 using a face mask. Rectal temperature was maintained at 37°C throughout the surgical procedure using a feedback regulated water heating system. A length of 4-0 monofilament nylon suture (18.5-19.5 mm), determined by the animal weight, with its tip rounded by heating near a flame, was advanced from the external carotid artery into the lumen of the internal carotid artery until it blocked the origin of the MCA. Two hours (h) after MCAo, animals were reanesthetized with isoflurane and reperfusion was performed by withdrawal of the suture until the tip cleared the lumen of the external carotid artery. Immunosuppressants were not used in any animals in this study.
MSC Administration
At 24 hours postischemia, randomly selected rats (n = 6 per group) received MSC (derived from Wistar rats) or vehicle administration. Approximately 3 × 10 6 MSCs in 1 ml phosphate-buffered saline (PBS) or PBS alone was slowly injected via the tail vein over a 5-minute (min) period into each rat. All rats were sacrificed at 3 days after MSC administration. Then the ipsilateral hemispheres of the MCAo rat brain and normal rat brain as control (n = 6) were collected for total RNA extract.
Preparation of Brain Extracts
For brain extracts, the animals were sacrificed at 24, 72, or 168 hours after MCAo (n = 6 per time point), at which times the animals were reanesthetized and their brains were removed. The brain extract procedure was performed, as previously described [30] . The ipsilateral hemispheres of MCAo rat brain and normal rat brain as control (n = 6) were dissected on ice and the wet weight was rapidly measured. Subsequently, at a concentration of 100 mg/ml, the brain tissue from each time point was homogenized by adding neurobasal medium containing B27 and glutamine. The homogenate was centrifuged for 20 minute at 12,000g at 4°C. The supernatant from brain tissue extracts was collected and stored at −80°C.
MSC Culture and Treatment with MCAo Rat Brain Extracts
The MSCs used in our studies were harvested from both femur and tibia marrow of Wistar rats (2-3 m), as previously described [31, 32] . MSCs were cultured with α-modified minimum essential medium eagle (MEM) medium (Hyclone, Logan, UT) containing 20% fetal bovine serum (FBS, Gibco Laboratory, Grand Island, NY) and penicillin-streptomycin on 75 cm 2 tissue culture flasks (Corning St. Louis, MO). Before treatment with brain extracts, MSCs were washed with PBS twice, and then the MSCs were cultured with neurobasal medium containing B27 and glutamine. The brain extracts from normal or MCAo rat brain was added at this time at a ratio of 1:10 (extracts/culture medium). After 24 hours in culture, the medium containing the brain extracts was removed and the MSCs were washed twice with PBS to avoid the effect of FBS on the exosomes. Fresh neurobasal medium containing B27 and glutamine was added and the MSCs were cultured for an additional 48 hours. The culture supernatants were collected and stored at 4°C temporarily, for no longer than 24 hours for subsequent MSC exosome isolation and the MSCs were also collected for RNA isolation.
MSC Exosome Isolation and Transmission Electron Microscopy Analysis
The MSC exosome isolation procedures were performed at 4°C as described in the literatures [33, 34] . Briefly, supernatants collected from cultured MSCs were first filtered through a 0.2 μm filter to remove the large debris and dead cells. Small-cell debris was removed by centrifugation at 10,000g for 30 minutes, and then the supernatants were recentrifuged at 100,000g for 3 hours. The supernatants generated at this step were stored at 4°C for future use as exosome omitted control (the average storage time was no more than 1 week). The pellets were resuspended in 30-50 μl of PBS and stored at −80°C and were used for analysis of the exosome-enriched fraction. For the transmission electron microscopy (TEM) morphology investigation, the pellets obtained above were subjected to uranyl acetate negative staining on For-mvar carbon-coated 400 mesh copper electron microscopy grids (FCF400-Cu, Electron Microscopy Sciences, Hatfield, PA). Twenty microliters of sample were applied to the grid and incubated for 5 minutes at room temperature, and then the excess solution on the grid was wicked off and dried for 30 minutes with filter papers. An equal part of 10% uranyl acetate was added to the grid for negative stain for 5 minutes. The preparations obtained were examined at 70 kV with a Philips 208 electron microscope (Philips, Bothell, WA) with an AMT digital imaging system (Advanced Microscopy Techniques Corp., Woburn, MA). The 100,000g pellets were resuspended in 0.25 M sucrose buffered with PBS and subjected to further purification analysis by sucrose gradient centrifugation. Briefly, we overlaid the resuspended pellets with a sucrose step gradient (2.5, 2.25, 2.0, 1.75, 1.5, 1.25, 1.0, 0.75, and 0.5 M). The sucrose gradient was then centrifuged at 100,000g for 5 hours, and 10 equal volume fractions were collected from the top of the gradient, diluted with PBS, and centrifuged at 100,000g for 1.5 hours. Western blot was used to identify Alix (Primary antibody, 1:1,000, sc-49268; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), a specific protein marker for exosomes, in respective fractions and the corresponding miR-133b levels were detected. Protein concentrations of exosome preparations were determined using the microbicinchoninic acid protein assay (Thermo Fisher Scientific, Lafayette, CO) and the total RNA was extracted with a miRNeasy Mini Kit (Qiagen, Valencia, CA). For neural cell treatment with MSC exosomes, we diluted the collected exosome-enriched fractions with the stored supernatant as noted above and the supernatant without exosomes was used as control. These media were then added to the cultured neural cells.
MSC Exosome Treatment of Primary Cultured Neurons and Astrocytes
Primary culture of cortical neurons was performed, as previously described [35] : pregnant Wistar rats purchased from Charles River were euthanized at embryonic day 17 under deep pentobarbital anesthesia. Embryos were removed, and the cerebral cortex was dissected out, washed in Hank's buffered salt solution (HBSS, Gibco, Grand Island, NY), dissociated in 0.125% trypsin, washed again with HBSS, and then plated onto poly(D-lysine)-coated culture dishes at a density of 1 ×10 5 cells per square centimeter) in Dul-becco's modified Eagle's medium (DMEM) (Gibco) containing 5% FBS and antibiotics overnight. After 24 hours, cells were transferred to the serum-free neurobasal medium (Gibco) supplemented with 2% B-27 (Gibco), 500 μM L-glutamine and antibiotics. After 3 days, media were changed and further supplemented with uridine (10 nM) and 5-fluorodeoxyuridine (10 nM) to kill astrocytes. Cells were incubated for an additional 48 hours, after which the MSC exosome treatment was performed.
Primary culture of cerebral astrocytes: cortices extracted from 2-day-old neonatal Wistar rats were dissociated into a cell suspension using mechanical digestion. After digestion, cells were plated in 75 cm 2 tissue culture flasks at a concentration of 15 × 10 6 cells in DMEM medium containing 20% FBS. The flasks were incubated at 37°C in a moist 5% CO 2 , 95% air atmosphere for 48-72 hours before moving. The medium was changed every 48-72 hours. After incubating the primary cultures for 7-9 days, the flasks were placed on a shaker platform in a horizontal position with the medium covering the cells and were shaken at 350 rpm for 6 hours at 35°C to separate oligodendrocytes from the astrocytes. Medium was changed and flasks were placed on the shaker for an additional 18 hours. After that, medium was again changed and shook for 24 hours more. When confluent, cells were passed and used for MSC exosome treatment.
Primary cultured neurons and astrocytes were washed twice with PBS before MSC exosome treatment, and then the media containing exosomes or media alone were added to the cultured neural cells. The neural cells were further cultured for 48 hours and collected for total RNA extract.
MiRNA Inhibitor Transfection
To knockdown miR-133b and to verify its function, we used a miR-133b inhibitor. Following the protocol provided by company, anti-rno-miR-133b miScript miRNA Inhibitor (MIN0003126; Qiagen, Valencia, CA) or a miScript Inhibitor negative control (Cat # 1027271; Qiagen) was transfected into MSCs and primary cultured neurons via HiPerFect Transfection Reagent (Cat # 301705; Qiagen).
Neurite Outgrowth Assay
For neurite outgrowth assay, primary culture neurons were prepared as described above. Cells were transfected with miR-133b inhibitor or inhibitor negative control prior to MSC exosome treatment. As a gain of function assay, human pre-microRNA expression construct lenti-miR-133b plasmid (MI0000822, Cat #: PMIRH133bPA-1; System Biosciences, Inc., Mountain View, CA) and its corresponding control plasmid pCDH-CMV-MCS-EF1-copGFP cDNA cloning and expression vector (Cat #: CD511B-1, System Biosciences, Inc.) were transfected into primary cultured neurons. The cells were further cultured for 4 days under MSC exosome administration then fixed with 4% parafor-maldehyde and immunofluorescence staining for β-III-tubulin (Tuj1) for neurite outgrowth analysis, as previously described [36] . For analysis of the plasmid-transfected neurons, we measured the green fluorescent protein-positive neurons that are present only after successful miR-133b transfection. Since miR-133 downregulates RhoA protein expression [37, 38] and the inhibition of RhoA enhances neurite outgrowth [21] [39, 40] , RhoA expression was detected by Western blot. Primary antibodies were used for RhoA (1:500, sc-418, Santa Cruz, CA) and beta actin (1:5,000, sc-1616; Santa Cruz, CA). Horseradish peroxidase-labeled secondary antibodies were applied and enhanced chemiluminescence detection was used according to the manufacturer's instructions (Pierce, Rockford, IL).
Construction of Luciferase Reporter System for Exosome Transfer
Cel-miR-67, which has minimal sequence identity with miRNAs in human, mouse, and rat, is often used as an inert miRNA negative control in experiments in mammalian cells [41] . For the further verification of the MSC miRNA transfer to parenchymal cells via exosomes, we constructed a cel-miR-67 luciferase reporter system and used an MSC-astrocyte coculture model to detect transfer of exogenous cel-miR-67 into the rat astrocytes. To construct the luciferase reporter system, cel-miR-67 pMIR-reporter luciferase plasmid and control plasmid (Signosis, Inc., Sun-nyvale, CA) were transfected into rat cortical astrocytes (CTX TNA2, CRL-2006, American Type Culture Collection; ATCC, Manassas, VA), respectively. Cel-miR-67 expression plasmid and cel-miR-239 (negative control) expression plasmid (GenScript USA Inc., Piscataway, NJ) were transfected into MSCs, respectively. Transfection was performed for 4 hours using Lipofect-amine 2000 (Invitrogen Corporation, Carlsbad, CA) with 4 μg of DNA per transfection. The normal culture procedure was subsequently performed for an additional 24 hours, and cells were washed three times in PBS and collected by trypsinization. Transfected astrocytes were then reseeded in 12-well plates and cocultured with cel-miR-67 or cel-miR-239 expression plasmid-transfected MSCs, respectively, via a culture insert. Thus, the cocultured astrocytes and MSCs were not in direct contact, but the communication of exosomes and free miRNAs in media was assured. Since the dimensions of the exosomes range from 40 to 100 nm, polycarbonate membrane filters with 50 or 100 nm pores (Catalog #: 111703 and 110605, Whatman, GE Healthcare Life Sciences, Piscataway, NJ) were used to separate exosomes and smaller particles in media.
The gap junction intercellular communication (GJIC) participates in molecular communications including the miRNA communication between cells [7, 42] and carbenoxolone inhibits P2X7 receptor-activated microvesicles and exosome release [43] . To test whether exosomes were transferred into astrocytes through the GJIC, carbenoxolone (3β-hydroxy-11-oxoolean-12-en-30-oic acid 3-hemisuccinate, Cat #: C4790, Sigma-Aldrich, St. Louis, MO), 150 μM, was used as an antagonist to broad-spectrum GJIC. Since soluble factors released by MSCs may also regulate the luciferase expression, we transfected the miRIDIAN cel-miR-67 heparin inhibitor (Thermo Scientific Inc., Lafayette, CO) into astrocytes that were pretransfected with cel-miR-67 pMIR-reporter luciferase plasmid to test whether luciferase expression was regulated by cel-miR-67 entering into these astrocytes. After 36 hours coculture, astrocytes were collected and lysed for luciferase assays and total RNA isolation.
Luciferase Assays
We performed the luciferase activity assay by a Luciferase Assay System kit (Promega BioSciences, LLC, San Luis Obispo, CA) [7] . Luminescence was detected on a Fusion plate reader (PerkinElmer, Inc., San Jose, CA). For all wells, each experimental group was the result of one transfection per experiment. Each luciferase experiment was performed three times, with three replicates per group. Luminescence was homogenized with the total protein weight.
Isolation of the Total RNA and Real-Time Reverse Transcribed-PCR
Brain tissues, cultured cells, and exosomes were lysed in Qiazol reagents, and the total RNA was isolated using the miRNeasy Mini kit (Qiagen, Valencia, CA). MiRNA was stem-loop reverse transcribed (RT) with the miRNA Reverse Transcription kit (Applied Biosystems, Foster City, CA) and real-time PCR amplifying was performed with the TaqMan miRNA assay (Applied Biosystems), which is specific for mature miRNA sequences. U6 snRNA was used as the internal control for TaqMan miRNA assay to detect the expression level changes of miR-133b in cells and exosomes. To compare the miR-133b levels in the media and exosomes, as well as to determine the miR-133b levels in sucrose gradient ultracentrifuge fractions, we measured differences based on variations of the Ct values.
Statistical Analysis
Data are shown as mean ± SE. p values were calculated using one-way ANOVA or Student's t test and post hoc for multiple comparisons.
Results

MSC Administration Significantly Increases MiR-133b Level After Stroke
We extracted the total RNA from the normal rat brain and the ipsilateral hemisphere of the MCAo rat brain with or without MSC administration. Real-time RT-PCR assay showed that compared to normal rat brain, miR-133b was significantly decreased in the ipsilateral hemisphere when rats were subjected to MCAo, and MSC administration significantly increased the miR-133b level in the ipsilateral hemisphere compared to the MCAo control (Fig. 1) .
MiR-133b in MSCs and Their Exosomes Are Increased After MSCs Are Exposed to MCAo Rat Brain Extracts
To test whether miR-133b is increased both in MSCs and their exosomes after exposure of MSCs to the cerebral tissue of rats subjected to MCAo, we harvested rat ipsilateral hemisphere extracts at 24, 72, or 168 hours after 2 hours of MCAo and separately added these extracts to the MSC cultures. We collected the total RNA and measured the miR-133b level in MSCs and their exosomes. Real-time RT-PCR data showed that compared with MSCs and their exosomes exposed to the normal rat brain tissue extract, miR-133b levels in MSCs and their exosomes exposed to 24, 72, or 168 hours MCAo brain tissue extracts were significantly increased, and the exosome miR-133b level was maximum at the 72 hours MCAo brain tissue extract exposure ( Fig. 2A) .
To test whether the miR-133b is contained in exosomes released from MSC, we used TEM and sucrose gradient centrifugation methods. The TEM image showed the morphology of MSC released exosomes within a size range of 40-100 nm (Fig. 2B) . Western blot demonstrated that the exosome marker protein, Alix, was primarily located in a range of density from 1.19 to 1.221 g/ml (Fig. 2C) , and miR-133b was present at a high level in these two density fractions (Fig. 2D) . These data indicate that miR-133b released from MSCs was contained in the exosomes.
MSC Exosomal MiR-133b Is Transferred to Astro-cytes and Neurons
To investigate whether the miR-133b is transferred from MSCs to brain parenchymal cells, we collected the exosome-enriched fractions from MSCs exposed to the normal and MCAo brain extracts and added them to primary cultured astrocytes and neurons, respectively. Real-time RT-PCR was used to measure the miR-133b level in these astrocytes and neurons. Data show that compared to exosome-deprived media, exosome-enriched fraction treatment significantly increased the miR-133b level in astrocytes (Fig. 3A) and neurons (Fig. 3B) , respectively. Compared with astrocytes and neurons treated with exosome-enriched fractions from MSCs exposed to normal rat brain tissue extracts, miR-133b levels were significantly increased in astrocytes and neurons treated with exosome-enriched fractions from MSCs exposed to 24, 72, or 168 hours post-MCAo brain tissue extracts, and the miR-133b level was maximum at the 72 hours post-MCAo brain tissue extract exposure (Fig. 3A, 3B ). To further determine that miR-133b is transferred from the MSC-generated exosome-enriched fractions, we performed miR-133b knockdown in MSCs using a miR-133b inhibitor. Data showed that the miR-133b level was significantly decreased in the MSCs that were transfected with miR-133b inhibitor and in their exosome-enriched fractions (Fig. 3C) . Compared with normal cultured astrocytes, treatment of astrocytes with exosome-enriched fractions from MSCs transfected with the miR-133b inhibitor negative control significantly increased the miR-133b level in these astrocytes. However, this increase in miR-133b was significantly diminished when astrocytes were treated with exosome-enriched fractions from MSCs transfected with miR-133b inhibitor. The exosomedeprived media either from MSCs transfected with miR-133b inhibitor negative control or from MSCs transfected with miR-133b inhibitor had no overt effects on the miR-133b level in astrocytes (Fig. 3D) . These data suggest that exosomes from MSCs mediate the transfer of miR-133b to neural cells.
Exosomes Mediate the miRNA Communication Between MSCs and Astrocytes
To test the miRNA communication between MSCs and astrocytes, with the MSCs not in direct contact with the astrocytes, the cel-miR-67 pMIR-reporter luciferase system and the MSC-astrocyte coculture model were used. Cel-miR-67 was expressed in cel-miR-67 expression plasmid-transfected MSCs (Fig. 4A) . Figure 4B shows that luciferase expression in the astrocytes was significantly increased after noncontact coculture with MSCs. The luciferase expression significantly decreased in astrocytes cocultured with cel-miR-67 expression plasmid-transfected MSCs compared with negative control cel-miR-239 expression plasmid-transfected MSCs. The 50-nm filter but not the 100-nm filter significantly inhibited the decrease of luciferase expression in astrocytes cocultured with cel-miR-67 expression plasmid-transfected MSCs, suggesting cel-miR-67 is transferred between noncontact cells via the microvesicles between 50 and 100 nm in diameter. The MiRIDIAN miRNA inhibitor of cel-miR-67 counteracted the effects of cel-miR-67 expression plasmid-transfected MSC on the decrease of luciferase expression in astrocytes, implying that the cel-miR-67 from MSCs entered the astrocytes and regulated the luciferase expression. Furthermore, 150 μM of the GJIC inhibitor carbenoxolone also significantly inhibited the downregulation of luciferase expression in astrocytes cocultured with celmiR-67 expression plasmid-transfected MSCs (Fig. 4B) . Total RNA samples from the exosome-enriched fractions and the medium derived from MSCs transfected with the celmiR-67 plasmid were collected separately, and real-time RT-PCR was used to measure the exosomal cel-miR-67 and free cel-miR-67 in the medium released from MSCs. Data showed that the cel-miR-67 was primarily located in the exosomes (Fig. 4C) . Collectively, these data indicate that the GJIC participates in the exosome-mediated miRNA communication between noncontacted MSCs and astrocytes.
GJIC Affects the Exosome Release from MSCs But Not Their Intake into Astrocytes
To further test whether the GJIC affects the exosome release from MSCs or their intake into astrocytes, we separately treated the cel-miR-67 pMIR-reporter luciferase plasmidtransfected astrocytes and the cel-miR-67 expression plasmid-transfected MSCs with 150 μM carbenoxolone. The cel-miR-67 level in the exosomes and the total protein of the exosomes were measured as an indicator of quantity of exosomes released from MSCs. The cel-miR-67 level was significantly decreased in the exosomes released from MSCs treated with 150 μM carbenoxolone (Fig. 5A) ; however, the cel-miR-67 level inside MSCs was not altered (Fig. 5B) . Concomitantly, the total exosome protein significantly decreased after administration of 150 μM carbenoxolone (Fig. 5C ). The exosomes collected from the celmiR-67 expression plasmid-transfected MSCs were added to cel-miR-67 pMIR-reporter luciferase plasmid-transfected astrocytes to test whether carbenoxolone affects the celmiR-67 intake. Data showed that the exosomes downregulated the luciferase expression in the astrocytes. However, treatment of these astrocytes with 150 μM carbenoxolone had no obvious effect on the downregulation of luciferase expression by the exosomes released from cel-miR-67 expression plasmid-transfected MSCs (Fig. 5D ). These data indicate that the GJIC mediates the exosomal miRNA transfer by affecting exosome release from MSCs but not intake into astrocytes.
MiR-133b in the Exosomes Released by MSCs Promotes Neurite Outgrowth
To investigate whether the stroke-increased miR-133b in MSCs transfers to neural cells and affects neurite outgrowth, we transfected primary cultured neurons with a miR-133b inhibitor plasmid or a blank vector (as negative control). Treatment of control neurons (transfected with the blank vector) with exosome-enriched fractions from MSCs exposed to the 72 hours post-MCAo brain extract significantly increased the neurite branch number (Fig. 6A, 6B ) and total neurite length (Fig. 6A, 6C ) compared to nonexosome-treated control neurons. MiR-133b inhibitor transfected neurons exhibited significantly decreased neurite branch number and total neurite length compared with control neurons, including neurons with exosome-enriched fraction treatment. Western blot (Fig. 6D ) data showed RhoA expression was decreased after MSC exosome-enriched fraction treatment in control neurons, and miR-133b inhibitor transfected neurons exhibited a significant increase in RhoA level (Fig. 6E) . miR-133b direct transfection (Fig. 6F ) data showed that the increase of miR-133b expression in neurons enhanced the neurite branch number (Fig. 6G ) and total neurite length (Fig. 6H) . These data suggest that the increased exosome miR-133b from MSCs exposed to MCAo brain extract transfers to neural cells and promotes neurite outgrowth, at least partly by inhibiting the RhoA expression.
Discussion
MSCs have potential therapeutic benefit in the CNS [23, 24, 28] . They interact with brain parenchymal cells and enhance neurite outgrowth that contributes to functional recovery [36, [44] [45] [46] [47] [48] . This interaction is direct via cell-cell communication [49] and/or is indirect being mediated by the secretion of factors by MSCs and/or parenchymal cells [25, 30, [50] [51] [52] . In this study, we observed that MSCs communicate with astrocytes and neurons via release of exosomes containing miRNA, and the transfer of their increased miR-133b to neurons and astrocytes enhances neurite outgrowth. As exosomes cannot experimentally be separated from microvesicles, we used TEM to measure the vesicle size and the sucrose gradient centrifugation method to separate the fractions by density combined with Western blot to detect an exosome-specific protein marker. Using these procedures, our data suggest that miR-133b released from MSCs was primarily contained in the exosomes. Although we only observed the direct transfer of miR-133b from MSCs to neurons and astrocytes, we cannot exclude the possibility that the increased miR-133b in one parenchymal cell population, for example, astrocytes, may also be transferred to another, for example, neurons. miRNAs are exported from cells both within and outside the exosomes [53, 54] . Exosomes act as mediators of cell-cell communication [55] [56] [57] [58] and are carriers for functional miRNA delivery [5, 6, 59] . There is considerable interest in using exosomes in clinical applications as biomarkers and/or as potential therapeutic tools [5, 60] . In this study, we found that the miR-133b level is increased in exosomes released from MSCs exposed to MCAo brain extracts. When primary-cultured neurons and astrocytes were treated with these exosomes, the miR-133b level in the neurons and astrocytes were increased, suggesting that the exosomes mediate the miR-133b transfer from MSCs to the neurons and astrocytes. Using the cel-miR-67 pMIR-reporter luciferase system and an MSC-astrocyte coculture model, we demonstrated that the cel-miR-67 is transferred from MSCs to astrocytes via exosomes. Knockdown of miR-133b in MSCs directly confirmed that the increased miR-133b level in astrocytes is attributed to their transfer from MSCs to neural cells. P2X7 receptor-activated microvesicles and exosome release are inhibited by carbenoxolone [6] , and miRNA passes between breast cancer cells and stroma through the GJIC [7] . In our previous study, we found that the GJIC mediated the functional miRNA communication between cells and noted that miRNAs may be transported directly through the intercellular channels or through other processes such as microvesicle release that is influenced by gap junctions [8] ; therefore, in this study, we investigated the role of the GJIC in exosomal miRNAs communication between noncontacted cells. Our data showed that the GJIC inhibitor, carbenoxolone, affects the miRNA containing exosome release from MSCs but does not affect exosome intake by astrocytes. This study provides the first demonstration that MSCs communicate with astrocytes and neurons and regulate neurite outgrowth by transfer of miR-133b via exosomes. miR-133a/b is downregulated in myocardial infarction [61, 62] and ischemia reperfusion [63] , suggesting that miR-133a/b plays a role in modulating myocardial ischemiareperfusion injury [64] . We now demonstrate that miR-133b is substantially downregulated in rat brain after MCAo, and MSC administration significantly increased the miR-133b level. Although previous studies showed that miRNA communication occurs between MSCs and breast cancer cells when in contact culture [42] , the number of administered MSCs recruited in the ischemic brain after treatment is far too small [28] to be in contact with all the parenchymal cells [65, 66] . Our data show that MSCs release miRNA contained in their secreted exosomes. Thus, the increase in miR-133b in brain tissue induced by MSC treatment of stroke likely occurs via exosome transfer from MSCs to parenchyma.
MiR-133a/b is active in several regulatory processes, for example, miR-133a/b regulates cell proliferation and apoptosis by inhibiting caspase-9 in myocardial infarction and cancer [63, 64, [67] [68] [69] [70] [71] [72] . Connective tissue growth factor (CTGF), a major inhibitor of axonal growth at injury sites in the CNS in mammals, is also regulated by miR-133 [73, 74] . The transfer of miR-133b from MSCs to astrocytes via exosomes may downregulate CTGF expression, thin the glial scar, and benefit neurite outgrowth. MiR-133 also downregulates RhoA protein expression [37, 38] , and since the inhibition of RhoA enhances regrowth of the corticospinal tract after spinal cord injury [39, 40] , miR-133b appears essential for neurite outgrowth and functional recovery after spinal cord injury in adult zebrafish [21] . Increasing miR-133b transfer from MSC exosomes may regulate target genes like RhoA in neurons that stimulate neurite outgrowth and thereby improve functional recovery after stroke. Further in vivo studies on how miR133-b affects neurite outgrowth after stroke are needed.
The identification of exosomes released from MSCs as a shuttle that carries miR-133b to astrocytes and neurons after cerebral ischemia helps to explain, at least in part, how the exogenous MSCs contribute to neurological recovery after stroke. MSCs exhibit a degree of "immune privilege" due to their ability to suppress T-cell-mediated responses for tissue rejection [75] [76] [77] [78] [79] [80] . MSCs escape immune system surveillance and survive in the CNS even after transplantation of allogeneic [81] or xenogeneic MSCs [52] . Thus, exogenous application of MSCs transfected with miR-133b warrants investigation as a treatment for stroke. Exosome delivery of functional miRNAs, like miR-133b, that promote neurite outgrowth may show benefit in other neurological diseases, in addition to stroke.
Conclusion
Ischemic conditions increase the miR-133b level in MSCs, and MSCs regulate neurite outgrowth at least partly by transfer of the miR-133b to neurons and astrocytes via the release of exosomes. MSC administration increases the miR-133b after stroke. Real-time reverse-transcribed PCR assay showed microRNA 133b (miR-133b) significantly decreased in the ipsilateral brain tissues of rats subjected to MCAo compared to the normal rats, and MSC administration significantly increased the miR-133b level in the MCAo rat brain. NOR: normal rats, MCAo: rats subjected to MCAo, MSCs: rats subjected to MCAo with MSC administration. *, p < .05 compared with NOR. # , p < .05 compared with MCAo (n = 6 per group).
Abbreviations: MCAo, middle cerebral artery occlusion; MSC, mesenchymal stromal cell. Culture of mesenchymal stromal cells (MSCs) with ischemic tissue brain extracts increased the miR-133b expression in MSCs and their generated exosomes. Real-time reversetranscribed PCR data showed that compared to the normal rat brain tissue extract treated group, miR-133b levels in MSCs exposed to middle cerebral artery occlusion (MCAo) brain tissue extracts and their exosomes were significantly increased, and the exosome miR-133b level reached a peak after MSCs cultured with the 72 hours post-MCAo brain tissue extract (A). The TEM image showed that the morphology of MSC released exosomes within a size range of 40-100 nm (B). Western blot detected that the exosome marker protein, Alix, was primary located in the range of density from 1.19 to 1.221 g/ml (C), and miR-133b also primary presented a high level in these two density fractions (D). MC, EC: MSCs and their exosomes exposed to the normal rat brain tissue extract as controls; M24, M72, M168, E24, E72, and E168: MSCs and their exosomes treated with the brain tissue extracts after MCAo at 24, 72, and 168 hours, respectively. *, p < .05, compared with MC in (A) and compared with 1.032 g/ml density fraction in (D). # , p < .05 compared with EC (n = 3 per group).
Abbreviation: miR-133b, microRNA 133b. MSC exosomes containing microRNA 133b (miR-133b) are transferred to neural cells. Real-time reverse-transcribed PCR revealed that compared to exosome-enriched fraction deprived media, exosome-enriched fractions collected from MSCs exposed to middle cerebral artery occlusion (MCAo) brain extracts significantly increased the miR-133b level in astrocytes (A) and neurons (B), respectively. Compared with astrocytes and neurons treated with exosome-enriched fractions from MSCs exposed to normal rat brain tissue extracts, miR-133b levels were significantly increased in astrocytes and neurons treated with exosome-enriched fractions from MSCs exposed to 24, 72, or 168 hours post-MCAo brain tissue extracts, and the miR-133b level was maximum at the 72 hours post-MCAo brain tissue extract exposure (A, B). To further confirm that the increased parenchymal cell miR-133b is attributed to the transfer of exosomes generated by MSCs, MSCs were transfected with a miR-133b inhibitor and the miR-133b level was significantly decreased in the MSCs and their exosome-enriched fractions (C). Compared with normal cultured astrocytes, treatment with exosome-enriched fractions from MSCs transfected with the miR-133b inhibitor negative control significantly increased the miR-133b level in the astrocytes, but this increase in miR-133b was significantly diminished when astrocytes were treated with exosome-enriched fractions from MSCs transfected with miR-133b inhibitor. The exosome-enriched fraction deprived media either from MSCs transfected with miR-133b inhibitor negative control or from MSCs transfected with miR-133b inhibitor had no obvious effects on the miR-133b level in astrocytes (D). MeC, EC: media and exosomeenriched fractions from MSCs treated with the normal rat brain tissue extracts as controls, respectively; Me24, Me72, Me168, E24, E72, and E168: media-and exosome-enriched fractions from MSCs treated with the MCAo rat brain tissue extracts for 24, 72, and 168 hours, respectively; NOR: normal cultured astrocytes; MeN, MeI: astrocytes treated with exosome-enriched fraction deprived media from MSCs transfected with miR-133b inhibitor negative control and miR-133b inhibitor, respectively; EN, EI: astrocytes treated with exosome-enriched fractions from MSCs transfected with miR-133b inhibitor negative control and miR-133b inhibitor, respectively. *, p < .05 compared with EC in (A) and (B); compared with negative control, respectively, in (C); compared with NOR in (D). # , p < .05 Luciferase expression in the astrocytes was significantly increased after coculture with MSCs. The luciferase expression significantly decreased in astrocytes cocultured with celmiR-67 expression plasmid-transfected MSCs compared with negative control cel-miR-239 expression plasmid-transfected MSCs. Fifty nanometer filter but not the 100 nm filter significantly inhibited the decrease of luciferase expression in astrocytes cocultured with cel-miR-67 expression plasmid-transfected MSCs. miRIDIAN miRNA inhibitor of celmiR-67 counteracted the effect of cel-miR-67 on the decrease of luciferase expression in astrocytes. Furthermore, 150 μM carbenoxolone also substantially inhibited the downregulation of luciferase expression in astrocytes cocultured with cel-miR-67 expression plasmid-transfected MSCs (B). The cel-miR-67 was primarily located in exosome-enriched fractions with very low levels in the media (C). + , p < .01 compared with cel-miR-67 transfected medium group. *, p < .05 compared with the astrocytes cocultured with celmiR-67 expression plasmid-transfected MSCs; # , p < .05, compared with the 100 nm filter applied. + , p < .01 compared with cel-miR-67 transfected medium group (n = 3 per group).
Abbreviation: MSC, mesenchymal stromal cell. Exosomal miR-133b from middle cerebral artery occlusion (MCAo)-modified mesenchymal stromal cells (MSCs) increases neurite outgrowth. Cortical neuron neurite outgrowth is shown using fluorescence microscopy (A). Compared with the normal cultured (nonexosome treatment) group, administering exosome-enriched fractions from MSCs exposed to the 72 hours post-MCAo brain extract significantly increased the neurite branch number (B) and total neurite length (C). The miR-133b inhibitor substantially decreased the neurite branch number and total neurite length compared with normal cultured or exosomeenriched fraction treated neurons. Western blot (D) data showed that the RhoA expression significantly decreased after MSC exosome treatment in control neurons, and the RhoA level significantly increased in miR-133b inhibitor transfected neurons (E). Data also showed that increased miR-133b expression by miR-133b direct transfection (F) in neurons significantly increased the neurite branch number (G) and the total neurite length (H), respectively. NG: the miR-133b inhibitor negative control-transfected neurons, EX+NG: the miR-133b inhibitor negative control-transfected neurons treated with exosome-enriched fractions from MSCs exposed to MCAo brain extracts, IN: the miR-133b inhibitortransfected neurons, EX+IN: the miR-133b inhibitor-transfected neurons treated with exosome-enriched fractions from MSCs exposed to MCAo brain extracts. Scale bars = 50 μm. *, p < .01, compared with NG; # , p < .01, compared with EX+NG. Data are presented as mean ± SE (neurons n = 50 per group). Abbreviation: miR-133b, microRNA 133b.
